ABSTRACT Measurements of the Raman gain spectra in the SF6 and SF57 highly nonlinear glasses demonstrated twice as high Raman shift in comparison with the fused silica. Numerical simulation predicted that a large Raman shift in combination with high nonlinearity can significantly reduce the required input pulse intensity for supercontinuum in these glasses, retaining the necessary degree of coherence. We found that the degradation of the SC coherence due to Raman soliton jitter can be effectively controlled by a correct choice of input intensity and fiber length. Also it was found that a high degree of coherence correlates with the spectrum shape in the vicinity of the Raman threshold, providing an convenient experimental observable.
Introduction
Over-octave spanning infrared (IR) spectral supercontinua (SC) are of interest for frequency metrology and high-resolution spectroscopy [1] , femtosecond pulse stabilization [2] and ultra-short pulse compression [3] . In contrast to bulk materials and gases [4] , photonic crystal fibers (PCFs) and tapered fibers allow the reduction of the SC generation threshold down to sub-1 nJ input energies [5] . Such a lowthreshold spectral extra-broadening results from two main sources [6] : (i) strong mode confinement inside a µm-sized fiber core and ii) precisely controllable contribution of the mode group-delay dispersion (GDD) of a fiber. Mode confinement enhances the nonlinearity in agreement with the formula for the self-phase modulation coefficient [7] : γ = n 2 ω/c A eff , where n 2 is the nonlinear refraction coefficient, ω is the carrier frequency, c is the light velocity, A eff is the effective mode area. The GDD control allows operation in the vicinity of zero-dispersion wavelength (ZDW), which puts in action the soliton fission mechanism of the SC formation [8] .
However, the above mechanisms reducing the SC threshold become less efficient with the wavelength increase into the infrared. Firstly, the effective nonlinearity scales as γ ∝ 1/λ 3 [9] . Secondly, the core size must become larger if u Fax: +43 1 58801 38799, E-mail: kalashnikov@tuwien.ac.at ZDW is to be shifted to the IR. The latter additionally decreases the effective nonlinearity and can lead to multimode intra-fiber pulse propagation [9] . There are two main ways to compensate the effective nonlinearity decrease in IR-region. The GDD flattening in the vicinity of ZDW allows longer nonlinear propagation lengths for PCFs with γ = 20-30 W −1 km −1 . As a result, the spectrum broadens due to the radiation of dispersion wave [15] and the soliton self-frequency shift [10] [11] [12] . For the latter, the dependence ∆ω ∝ (γE) 4 L/|β 2 | 3 [7] means that small GDD coefficient β 2 within a wide spectral range as well as a long propagation length L result in a large self-frequency shift ∆ω even for the moderate pulse energy E.
Another way is to use PCF with high nonlinear refractivity, e.g., SF6 glass (γ = 115 W −1 km −1 if ZDW is shifted to 1.5 µm, see below) [9, 13, 14] . In this case, the spectrum is broadened by the soliton fission mechanism [8] . Effectiveness of the SC generation from such a fiber pumped by a Cr:YAG oscillator was demonstrated in [9] . The role of SRS in the SC formation for highly nonlinear PCFs (like SF6 glass [9] ) in the vicinity of ZDW remains unexplored.
SRS-induced enhancement of the spectral extra-broadening can be considered as a very important factor, which would be able to compensate the effective nonlinearity decrease in IR-region. However, a stumbling block is the spectral phase coherence, which can degrade due to SRS induced spectral and timing jitters of a soliton [6, 16] . The problem of noise limitations on the SC generation [17] is significant for metrology and femtosecond pulse phase stabilization. Frequency-doubled and tripled (within SC) frequency components can give information about the femtosecond pulse carrier envelope phase only if the corresponding spectral components belong to the spectral windows, where a coherence is close to unity. However, such a coherence can be essentially degraded within the SC spectrum [17, 18] . The spectral phase coherence is thus a crucial factor in an analysis of the IR supercontinua.
In this work we demonstrate that SRS in the highly nonlinear glasses (SF6 and SF57) produces an approximately two times larger frequency shift in comparison with that in common fused-silica based fibers. As a result, the octave-spanning SC can be produced by sub-200 pJ 60 fs pulses from an allsolid-state Cr:YAG oscillator [19] . We show that the spectral coherence degradation can be significantly reduced (almost without the SC width reduction) by the fiber length optimization, and provide an observable criterium for high-coherence operation. We also show that the spectral coherence degradation due to Raman soliton jitter does not impose a limitation on the maximum spectral coherence in the quantum limit.
2

Measurements of the Raman gain for SF6 and SF57 glasses
The absolute measurements of Raman gain g R for the nonlinear glasses of interest are not available. It is possible, however, to use the spectra of spontaneous Raman scattering to estimate g R [20] . We make use of the fact, that [21] g R ∝ Imχ
where χ (3) is the third-order susceptibility, σ R is the integral spontaneous scattering efficiency and we neglect the difference between the refractive indices and wavelengths for the incident and scattered light. Given the spontaneous Raman spectra of a crystal with known g R were measured under the same conditions as the unknown ones, the relations (1) allow estimating the g R in absolute units. Since the electronic transitions are sufficiently far from the wavelength involved, the susceptibility tensors and refractive indices can be safely assumed to be wavelength independent, and the simple recalibration (1) applies (for detailed discussion, see [22] ).
For Raman measurements we used crystalline quartz and fused silica as reference, since the Raman gain is known for these materials [23, 24] . The experimental setup implemented confocal 180
• polarized scattering scheme [25] at 5145 nm. In the tightly focused confocal scheme the backscattered light is collected from a well-defined small volume about 100 µm under the surface of the sample. This allows the comparison of the absolute values of scattering cross-section from samples with different index of refraction, thickness, and surface quality. The back-scattering geometry provides an additional advantage in our case since it allows the accessing of those components of the scattering tensor, which would be responsible for the stimulated Raman scattering interaction during the propagation. For the same reason, we measure only the polarized spectra in parallel polarizations of the input and scattered light.
Using the relations (1) and g R of crystalline quartz and fused silica, we then calibrate the spontaneous Raman spectra yielding the g R value at our wavelength of interest. Table 1 summarizes the results at 1.5 µm.
The Raman spectra of both SF6 and SF57 glasses are very similar, as the glasses have very close PbO-SiO 2 composition, differing only by the PbO content (Fig. 1) . The absolute values of peak Raman gain in flint glasses are 6-9 times larger than that of fused silica, however the ratio of the integrated Raman gain to the electronic nonlinearity f is about the same, changing from 0.19 for fused silica to 0. 13 Raman gain parameters of nonlinear glasses, in comparison with fused silica FIGURE 1 Calibrated Raman gain spectra (parallel polarization) of nonlinear heavy flint glasses SF6 and SF57. The increase of the signal on the low-frequency side of spectra is caused by the strong Raleigh wing in the 180
• recording geometry SF57, respectively. Our measurements roughly correspond to a spectrum, provided in [26] for SF6 glass, using benzene calibration. Although the Raman gain in the glasses considered is lower than that in the thallium-tellurium oxide glasses (see [20] ), its value is sufficient for reducing the SC formation threshold (see below). More important factor is the wavelength shift between the Raman spectra of the flint glasses and the fused silica. In the former, the main line around 1000 cm −1 corresponds to the vibrations of the isolated SiO 4 tetrahedra. In fused silica, where there are no isolated SiO 4 complexes, the Raman spectrum is concentrated around 450 cm −1 , corresponding to the symmetric stretch modes of the closely packed mesh of Si-O-Si bridges. As will be seen later, the twice as large Raman shift of the flint glasses can make a significant difference in the femtosecond SC generation as compared to fused silica, even though the relative contribution of the Raman nonlinearity in these glasses is lower.
Pulse propagation modelling
We base the analysis of the SC formation on the well-known generalized nonlinear Schrödinger equation (see, for example, [7] ). In order to take into account the quantum noise effects, a quantized version of this equation is required, leading to the operator evolution equation (in the Heisenberg picture) with the corresponding commutators [27] . This equation for the photon creation and annihilation operators has to be supplemented by equations for the photon and phonon baths governing the loss and scattering processes. The resulting nonlinear system of the operator equations cannot be solved self-consistently in the general case. A powerful method to consider this problem numerically is a correspondence between the quantum operators and the classical phase-space functions (for an overview see [28] ). Thus, the phase-space representations of the quantum nonlinear optics are most usable for our aims [29, 30] .
The Wigner representation leads to the stochastic nonlinear generalized Schrödinger equation [29, 33] :
where ϕ is the photon field amplitude so that |ϕ| 2 is normalized to the typical number of photons in an input pulse with the soliton number N:n ≡ c |β 2 | A eff N 2 /n 2 hω 2 0 t 0 (n 2 is the nonlinear refraction coefficient, ω 0 is the central frequency of an input pulse, t 0 is the input pulse width, β 2 is the GDD coefficient at ω 0 , A eff is the effective fiber mode area, c is the velocity of light). Propagation length ζ is normalized to the dispersion length t 2 0 / |β 2 | and the local time τ is normalized to t 0 . β(ω) gives dependence of the GDD coefficient on the frequency so that ω is the deviation from ω 0 and "−"-sign corresponds to an anomalous dispersion. f is the Raman fraction in the total self-phase modulation, h(τ) is the Raman response function. Γ is the stochastic source due to photon-phonon scattering (see next section).
Strong mode confinement caused by a large refractive index reduces the wavelength dependence of A eff . For the considered SF6 fiber, A eff ≈ 9 and 10 µm 2 at 1 and 2 µm wavelengthes, respectively. Therefore we did not take into account the corrections of the effective nonlinearity due to wavelength-dependence of A eff , although such corrections have impact on the SC dynamics for the fused silica fibers with small core areas [34, 35] .
To describe the SRS we have used the "homogeneous gain" approximation instead of continuum of the narrow phonon resonances [29] . Then h(τ) can be expressed through the Green's function of the damped harmonic oscillator [31] :
and T 1 = 5.5 fs, T 2 = 32 fs for both SF6 and SF57. These parameters correspond to approximating the Raman spectrum of Fig. 1 by a single Lorentzian peak. Fraction f can be found from the Kramers-Kronig relation [31] :
Equation (2) was solved by the symmetrized split-step Fourier method. The time and propagation steps were chosen to be equal to 1 fs and 1/1000-part of the nonlinear length, respectively. The local time mesh contained 2 15 points. An initial pulse was a sech-shaped pulse with 1.76 × t 0 = 60 fs duration centered at 1.5 µm wavelength.
Raman contribution
In this section we shall concentrate at an influence of SRS on the SC generation in the highly nonlinear PCFs (in contrast to [9] , where SRS was neglected). For this, a deterministic version of (2) (i.e., the classical generalized nonlinear Schrödinger equation) is appropriate.
As the high-order soliton fission mechanism significantly reduces the SC threshold [8] , an immediate proximity of β 2 to zero has to be considered as a key factor, which defines the PCF geometry. To be specific, we consider PCFs with a cylindrical core. Figure 2 demonstrates that SF6 and SF57 glasses provide the near-zero GDD, the comparatively small third-order dispersion and the smallest core radii r at λ =1
Figures 3-5 demonstrate the results of the simulations of the SF6 supercontinua. For Fig. 3 , the SRS was assumed to be absent ( f = 0). Figures 4 and 5 were calculated, assuming equal Raman contribution f = 0.13, but different Raman shift value: 450 cm −1 corresponds to a common telecommunication fiber (Fig. 4) , 1000 cm −1 is the shift in SF6 and SF57 glasses (Fig. 5) .
Comparison of Fig. 3 with Fig. 4 shows that, although both the Schrödinger and Raman soliton frequency shifts are almost linearly scalable with the input intensity I p , SRS provides a wider (approximately in 170 nm for I p = 40 GW/cm 2 ) spectrum. The dispersion wave (blue-side spike) is inputintensity scalable, as well, but almost independent on SRS [6] .
Doubled, in comparison with common fibers, Raman shift in SF6 (Fig. 5 ) results in an additional red-shift in comparison with that without SRS (200 nm at the level of I p = 40 GW/cm 2 ). The most interesting effect in this case is the threshold-like behavior of the red-shift at some level of the input intensity. This causes ≈ 150 nm red extra-broadening FIGURE 2 Wavelength dependence of GDD for the different glasses. r is the cylindrical core radius FIGURE 3 Contour-plot of logarithm of the spectral power P vs. the input pulse power for the SF6 PCF. SRS does not taken into account ( f = 0). 20 cm propagation length FIGURE 4 Contour-plot of logarithm of the spectral power P vs. the input pulse power for the SF6 PCF. Raman shift is 450 cm −1 ( f = 0.13). 20 cm propagation length at only ≈ 7 GW/cm 2 input level. As a result, the octavespanning SC is possible already for sub-35 GW/cm 2 input intensities. As it will be demonstrated in the next section, the spectra corresponding to the threshold input intensity possess a maximum coherence.
The red extra-broadening increases with the Raman fraction f . For instance, f = 0.19 in SF6 provides more than 200 nm red-shift for 7.5 GW/cm 2 intensity. Thus, such a shift tends to that due to Raman scattering: 1000 cm −1 corresponds to ≈ 260 nm at λ = 1.5 µm.
Choice of a more nonlinear glass providing the near-zero GDD in the vicinity of the oscillator spectrum centrum leads to a wider SC. Figure 6 shows a dependence of the spectrum on the input intensity for the SF57 glass PCF. One can see that the intensive Raman soliton and the dispersive FIGURE 5 Contour-plot of logarithm of the spectral power P vs. the input pulse power for the SF6 PCF. Raman shift is 1000 cm −1 ( f = 0.13). 20 cm propagation length FIGURE 6 Contour-plot of logarithm of the spectral power P vs. the input pulse power for the SF57 PCF. Raman shift is 1000 cm −1 ( f = 0.1). 20 cm propagation length wave develop and the SRS induced extra-broadening occurs at I p = 5 GW/cm 2 . As a result, the octave-spanning SC is possible already at I p = 15 GW/cm
2 . An additional fragmentation of the SC central part can be attributed to the stronger third-order dispersion of SF57 in comparison with SF6. It should be noted that the larger Raman fraction reported in [36] would provide an additional spectral extra-broadening on the longer-wavelength side of SC.
One has to note the stronger modulation of the Schrödinger soliton spectrum (Fig. 3) in comparison with the Raman soliton one (Figs. 5 and 6 ). This is a general property of the regime under consideration. As the Schrödinger solitons have comparatively small group-delays relatively an input pulse, this results in their interference and causes the spectrum modulation. On the contrary, SRS results in fast formation of FIGURE 7 Normalized intensity profiles from the SF57 PCF sections of various lengths (showed in figures). I p = 40 GW/cm 2 a single highly-intensive Raman soliton with a large groupdelay (Fig. 7) preventing from the spectrum modulation due to interference. As a result, red-part of the spectrum is more smooth.
As it was pointed in [32] , modification of the Raman response function transforms the SC structure and dynamics. However, the modification considered in [32] and corresponding to tellurite glasses differs from that in the flint glass PCFs: Raman fraction and Raman mode period [32] are significantly larger for the tellurites. As a result, the Raman soliton formation is suppressed in the tellurite glasses as opposed to our case.
Spectral coherence of SC
As it was shown in the previous section, SF6 and SF57 glass PCFs allow the octave-spanning SC for low input intensities (35 GW/cm 2 and 15 GW/cm 2 , respectively). This is possible due to three factors: (i) near-zero GDD at λ = 1.5 µm can be provided for the comparatively small mode areas (≈ 10 µm 2 ); (ii) nonlinear refraction in these glasses is high (γ = 114 W −1 km −1 and 281 W −1 km −1 , respectively); (iii) Raman scattering shift (1000 cm −1 ) is doubled in comparison with the common fibers.
However, an issue remains: what is the spectral coherence degree, which can be provided by such a highly nonlinear regime? As was pointed out [6] , a large soliton number N [37] FIGURE 8 Averaged spectrum (a), degree of coherence (b) for 2% input power fluctuations and coherence quantum limit (c). 20 cm section of SF6 glass PCF, I p = 40 GW/cm 2 , no SRS and a modulational instability [38] can cause an essential spectral coherence degradation. Simultaneously, a decrease of pulse width and energy enhances the coherence [6, 18, 39] . In this section, stochastic (2) will be used to analyze the spectral coherence degree [16] .
At first, we shall analyze only technical noise that consists of the shot-to-shot pulse intensity fluctuations. In this case, we assume Γ = 0 and the white intensity noise. We used 128 sample input pulses to collect the statistics.
Figs. 8a and b show, respectively, the averaged spectrum and the coherence degree for 2% input intensity white-noise in SF6 with no SRS. The red spectral part corresponding to the Schrödinger solitons possesses a near-unity coherence. However, this coherence degrades due to spectral modulation caused by an interference between the solitons and the modulational instability complex around λ = 1.5 µm. The blue side of the spectrum produced by the dispersion waves has a smooth near-unity coherence. However, this coherence degrades with the wavelength shortening.
The presence of SRS causes the coherence degradation on the red side of the spectrum, where the spectral components of the Raman soliton are placed (Fig. 9b) . A main source of such a degradation is the Raman soliton jitter [16] : the powerdependence of the soliton group-delay results in fluctuations of the soliton position. Similar but stronger degradation takes a place in SF57, too (PCF Fig. 10b ). An obvious way to reduce the coherence degradation due to soliton jitter is to decrease the input intensity [39] . However, the SC spectral width decreases in this case as well (Figs. 5 and 6 ). The most appropriate way is to reduce the PCF length. Fig. 11 shows the spectra from the PCF sections of various lengths. One can see that already 2 cm section of SF57 PCF provides a sufficiently wide and smooth spectrum. Longer the propagation length does not widen SC essentially but causes its fragmentation. Comparison with Fig. 7 demonstrates that the minimum spectral fragmentation in the 2 cm fiber section corresponds to situation, when the Raman soliton did not yet develop. One can see (Fig. 12b ) that in this case the spectral coherence degree is close to 1 almost over all SC. This easily observable parameter (spectral smoothness) can be used for optimization of the SC generation in phasesensitive applications, without the need to actually measure the degree of coherence.
In order to investigate the maximum degree of coherence, both the quantum source Γ in (2) and the quantum fluctuations of input field ∆ϕ have to be taken into account. As a source of the input quantum fluctuations, the spontaneous emission in a gain medium is considered [40] [41] [42] [43] . When an oscillator operates in the soliton-like regime (as with Cr:YAG), its behavior can be described by the stochastic nonlinear Schrödinger equation with the additive noise term ∆ϕ obeying the correlation [41] : 
Here θ is the enhancement factor due to incomplete inversion of a gain medium, G is the gain coefficient (so that the difference between G and the net-loss coefficient is close to 0), ∆ω g is the gain band-width, K is the Petermann's factor [44] . Since t 0 1/∆ω g , the Lorentzian form-factor in (5) can be omitted. In a Cr:YAG oscillator θ ≈ 1 (four-level medium), K ≈ 1 (small out-put loss [40] ) and G ≈ 0.05 (small gain). Last two factors are smaller distinctly than those in a Ti:Sp oscillator. This reduces the quantum noise source ∆ϕ down to 10 −5 in our dimensionless units for I p = 40 GW/cm 2 , t 0 = 34 fs (the pulse is centered at λ = 1.5 µm). This value is below the input vacuum noise in the Wigner representation [29] :
The Raman noise source in (2) obeys [29, 33] :
where n th is the phonon thermal Bose distribution and α is the Raman gain. The relative contribution of the Raman noise term is of order of 10 −3 . Thus, this noise dominates in our case.
Figures 8-10 and 12 demonstrate the maximum degree of coherence, which is defined by the quantum noises given by (5)- (7) . One can see that the dominating Raman noise does not produce a coherence degradation in our case (compare Figs. 8 and 9 ). This can be explained by the fact that the input quantum noise is strongly suppressed for Cr:YAG oscillator, the pulse width is < 100 fs [18] and the soliton fission occurs over a short propagation distance [37] .
Thus, the dominating source of the coherence degradation is the technical shot-to-shot noise. However, as it was demonstrated, its influence can be suppressed by shortening of the PCF section down to ≈ 2 cm without some essential decrease of the SC width.
Interesting property of the regime under consideration is that the spectral coherence is close to unity in the vicinity of the threshold input intensities. This can be explained in the following way. The threshold-like spectral extra-broadening on the red side of SC results from the large Raman shift (≈ 1000 cm −1 ), which scatters the spectral components out-side an initial spectrum. Simultaneously, the coherence between these components and initial (coherent) spectrum remains.
To compare the properties of this regime with the soliton self-frequency shift [12] , let us consider the influence FIGURE 12 Averaged spectrum (a), degree of coherence (b) for 2% input power fluctuations and coherence quantum limit (c). 2 cm section of SF57 glass PCF with SRS, I p = 40 GW/cm 2 of the technical shot-to-shot noise on Raman solitons propagating in a long section (1.5 m) of the dispersion-flattened high-nonlinearity silica fiber under excitation by the highenergy (1 nJ) 80 fs pulses centered at 1.06 µm (parameters correspond to those given in [12] ). Fig. 13 shows the averaged spectrum (black curve, a), a single-shot spectrum (gray curve, b), as well as the degree of spectral coherence (b). One can see that there may be more than one Raman solitons between 1.3 and 1.7 µm (gray curve, a). Their spectral and timing jitters are very strong. This causes a significant spectral broadening of the averaged spectrum (black curve, a), but at the expense of a catastrophical degradation of the spectral coherence (b). The sources of this phenomena are (i) high value of E (note that the self-frequency shift scales as E 4 ) and ii) very long propagation distance L. We thus conclude that the Raman soliton approach to spectral broadening is counterproductive, if coherence is an issue and there are no mechanisms suppressing the Raman soliton jitter [35] .
C o n c l u s i o n
Raman effects on octave-spanning SC from the highly nonlinear-glass (SF6 and SF57) PCFs have been investigated numerically. The measured Raman gain spectra have demonstrated over twice as high Raman shift in these glasses in comparison with that in the fused silica. It was found that such a shift causes the spectral extra-broadening (≈ 150-260 nm) that provides an octave-spanning SC at the extremely low input intensity level (≈ 35 GW/cm 2 for SF6 and ≈ 15 GW/cm 2 for SF57). Such low intensity levels allow using the high-repetition rate femtosecond all-solid-state Cr:YAG oscillator, which operates at relatively low output coupling and pulse energy. As a result, the quantum noise at fiber input can be significantly reduced.
The dependence of the SC width on the input intensity has a threshold-like character. Although numerical analysis demonstrated that the spectral coherence degrades with the pulse intensity growth due to Raman soliton jitter, the coherence is close to unity in the vicinity of the threshold intensity due to coupling of the red-side spectral component provided by a large Raman shift.
It was found that the dependence of the SC coherence and width on the propagation length is threshold-like, as well. There exists an optimum fiber length, which provides the broad SC spectrum without compromising coherence properties. The high coherence in this case corresponds to initial stage of the Raman soliton formation, when the jitter does not develop yet. It was found that the high spectral coherence in this regime correlates with the smoothness of the spectrum, giving an easy observable optimization criterium. This property allows broad application of Raman-assisted SC generators in phase-controlled setups.
